Aminoglycosides are among the most effective antibiotics used to treat Pseudomonas aeruginosa colonization in cystic fibrosis (CF) patients [1, 2] . RAMSEY et al. [3] have demonstrated that 24-week treatment with aerosolized tobramycin improves pulmonary function in clinically stable CF patients colonized by P. aeruginosa, decreases the density of bacteria in the sputum, and decreases the risk of hospitalization [3] . The efficacy of aminoglycoside aerosols in treating P. aeruginosa colonization in CF patients is intuitively considered to depend upon the mass of antibiotic deposited in the lungs, but this has not been demonstrated, and it is difficult to measure in clinical practice. Indeed, determination of the amount of drug deposited in the lungs requires radiolabelling of the drug and use of a gamma-camera, and this is not routinely possible. Aminoglycosides are resorbed into the plasma after deposition in the lungs and then excreted in the urine, but little is known about the pharmakokinetics. Blood concentrations are low [4] and they do not appear to be promising markers of absorption, and hence, deposition of aminoglycosides. An alternative approach might be monitoring aminoglycoside excretion by collecting and pooling urine over a period of time after aminoglycoside inhalation.
The aim of the present study was to test the hypothesis that aminoglycoside excretion in the urine reflects the deposition of the drug in the lungs, which would make the urinary pharmacokinetics of the drug a potential tool to assess a dose-response relationship.
Patients and methods

Patients
Seven CF patients were enrolled after obtaining signed informed consent from themselves (adult patients) or from their parents, associated for children with their own oral consent. The study was approved by the Ethics Committee of Tours University. Patients had to fulfil all of the following inclusion criteria: age w6 yrs; colonization by amikacin-sensitive P. aeruginosa (defined by the presence of 1610 3 or more colony forming units?mL -1 on sputum obtained from a deep cough on three occasions over w1 yr); ¡10% change in forced expiratory volume in one second (FEV1) on the day of the deposition study (compared to the reference value measured one month before); and absence of any infectious exacerbation. Patients were not included if they used any other antibiotic aerosol as a part of regular treatment. The main characteristics of the population studied are presented on table 1. A total of 14 deposition studies was performed for the seven patients (two studies for all child patients except one, and three studies for the adult patient). There was a 3-month interval between studies for each individual. The studies were performed one month after completing a regular course of intravenous antibiotics.
Pulmonary function tests
FEV1, forced vital capacity (FVC) and forced midexpiratory flow (FEF25-75) were measured before and after amikacin inhalation using a constant-pressure plethysmograph (Sensor Medics 2,800, USA). These parameters were expressed as % predicted [6] .
Lung volume assessment
Ventilation studies with 133 Xe were performed during tidal breathing. The patient was seated in front of the gamma-camera (Pho Gamma Searle, USA), set for 133 Xe, and breathed into a bag-box spirometer (Xenamatic, Diversified Diagnostic Products, Inc., Houston, TX, USA), whilst wearing a noseclip. A 10 mCi
133
Xe dose (XE-133-G-2B, Cis Bio International, France) was injected into the bag-box, whilst the patient breathed normally in order to reach equilibrium, which was demonstrated by continuous dynamic counting over periods of 15 s, and 20 images of 3 s were then acquired on a 64664 matrix. Lung outlines were drawn over the 133 Xe equilibrium scan, i.e. the sum of the 20 images acquired at the equilibrium state (computer Simis, Siemens, Germany). These outlines were then superimposed on the 99m Tc deposition image.
Amikacin aerosol
Amikacin sulphate (Bristol-Myers Squibb, France) was dissolved in sterile water to a concentration of 125 mg?mL -1 , and mixed with 0.3 mL of a solution of 10 mg human serum albumin (TCK2, Cis Bio-International, France) labelled with 99m Tc. The aerosols were nebulized with a SAM LS TM ultrasonic nebulizer (Syst9Am, France), operating at a frequency of 2.4 MHz and used at its maximum intensity. It has been demonstrated in a previous study, that there is no leak during expiration with this device, that labelling the drug does not alter the aerosol aerodynamic properties, and that 99m Tc counting accurately reflects amikacin mass in the aerosol [7] . The mass median aerodynamic diameter (MMAD) of the aerosol was 3.0 mm, and geometric standard deviation (GSD) was 1.7.
Amikacin aerosol deposition study
A solution of 1.0 g amikacin in 8 mL sterile water was used for children, and a solution of 1.5 g amikacin in 12 mL sterile water for the adult patient. The solutions were radiolabelled as described above. The activity placed in the nebulizer was counted using a gamma-well counter (Capintec, CRC Aries, France). A 300-s image was acquired to take into account the room background in the deposition analysis. The patient then inhaled the aerosol in a sitting position, whilst wearing a noseclip. The tidal volume and respiratory frequency were continuously monitored during the 10-min nebulization, using a pneumotachograph (Fleisch no. 3, Fleisch, Lausanne, Switzerland) placed on the expiratory line of the nebulizer and connected to a polygraph recorder. This system was calibrated for each study. A low resistance filter (German Sciences, Ann Arbor, MI, USA) was placed on the expiratory line in order to capture all the aerosol particles exhaled by the patient. A 60-s static image was acquired immediately after the inhalation after drinking water to wash activity out of the pharynx into the stomach.
Quantification of aerosol deposition
The activity deposited on the expiratory filter and the activity remaining in the nebulizer reservoir and lines at the end of nebulization were counted in the gamma-well counter. Counts were then corrected for 99m Tc physical decay. The inhaled mass was calculated based on the difference between the activity placed in the reservoir of the nebulizer before nebulization, and the activity remaining in the nebulizer at the end of nebulization, taking into account the relationship between amikacin mass and 99m Tc activity in the aerosol. The exhaled activity was equal to the activity deposited on the expiratory filter. The inhaled fraction (IF) was equal to the ratio of the inhaled activity to the activity placed in the nebulizer before nebulization. The inhaled mass of amikacin was the product of IF multiplied by the mass of drug deposited in the nebulizer. The deposited fraction (DF) was defined as the fraction of the radiolabelled aerosol deposited in the patient [8] , and was provided by the following equation:
DF~(radioactivity inhaled{radioactivity exhaled)=radioactivity inhaled ð1Þ
The deposited mass of amikacin was the product of the inhaled mass multiplied by the DF [9] and was distributed between the lungs and the stomach. The fraction deposited in the lungs was determined on the 99m Tc deposition image. This fraction, multiplied by the deposited mass of amikacin, defined the deposited mass of drug in the lungs (MDL), expressed as a percentage of the mass of amikacin placed in the nebulizer (MDL%), or as the mass of amikacin (MDLmg).
Monitoring of urine pharmacokinetics
Urine was collected immediately before the amikacin aerosol deposition study and then at each micturition during the 24 h following inhalation. The patient weighed the urine using an electronic balance (Terraillon, France), kept a sample and recorded the exact time of micturition. Urine samples were stored at 4uC. At the end of the 24 h period, all samples were assayed for amikacin and creatinine. Amikacin and creatinine levels were measured by fluorescence polarization immuno-assay (FPIA) (TDx Abbott, Abbott Park, IL, USA). The total amount of creatinine excreted in the urine allowed determination of whether the urine collected was truly representative of 24 h urine collection. The elimination flow rate of amikacin excreted in the urine for a definite micturition (Qamik) was calculated as the ratio of the mass of amikacin assayed in the urine, divided by the time elapsed since the previous micturition. The total amount of amikacin excreted in the urine after aerosol delivery (excreted amount, Uamik,total) was determined by assays of each micturition for 24 h (measured amount, Uamik,24h), then by extrapolation to infinity (extrapolated amount, Uamik,24h-'). The extrapolated amount was calculated by integration of logarithmic regression of elimination flow versus time, from 24 h to infinity.
Statistical tests
The results are presented as mean¡SEM or, when appropriate, as medians. Pulmonary function tests before and after nebulization were compared using a Wilcoxon test. Correlations were assessed by linear regression. A p-value v0.05 was considered significant. As the design of the study involved repeated measurements for the same subjects, correlations were assessed for all measurements (i.e. 14 measurements) and also for the first measurement in each subject (i.e. seven measurements). A BLAND and ALTMAN analysis [10] was used to measure agreement between measurement of MDL and its estimation obtained from the urinary excretion of amikacin.
Results
Nebulization tolerance
Tolerance of inhalation assessed by clinical judgement was good for all patients, except for patient 2 who developed a cough soon after the start of nebulization. The nebulizer was then set at medium intensity, and there was then good tolerance.
Pulmonary function tests did not change after nebulization (table 2) .
Total aerosol deposition
The IF, DF and MDL per patient are shown in table 3. Mean IF was 19.9¡2.5%, with a wide range 
Relationship between urinary amikacin excretion and aerosol deposition
The mean total amount of amikacin excreted in the urine (Uamik,total,mg) was 21.8¡4.7 mg (1.6 to 56.9 mg). Uamik,total,% represented 1.89¡0.5% (0.16-5.69%) of the mass of amikacin placed in the nebulizer prior to nebulization. This percentage correlated with IF (r=0.78, p=0.008) and MDL% (r=0.77, p=0.009).
Uamik,total,mg was strongly correlated with MDLmg ( fig. 2) : Uamik,total,mg=(0.16 MDLmg)-6.21 (r=0.93, p=0.0001). This finding was insensitive to restriction to the first measurement for each patient (r=0.9, p=0.006). It was also insensitive to restriction to the fraction of excreted amikacin actually assayed, i.e. Uamik,24h,mg (r=0.92, p=0.0002). Uamik,24h,mg represented 94.8% of Uamik,total,mg.
The correlation equation determined by linear regression between MDLmg and Uamik,24h,mg was used to calculate MDLmg (MDLmg,calc) from Uamik,24h,mg: MDLmg,calc=(5.48 Uamik,24h,mg)z57.7. As described by BLAND & ALTMAN [10] , a graph was drawn ( fig. 3 ) presenting the average MDL versus differences between MDLmg and MDLmg,calc. All differences between assessments of MDL lay within ¡2SD of the mean.
Discussion
The present study demonstrated that MDL was correlated with IF. More interestingly, amikacin excreted in the urine was strongly correlated with IF and MDL, demonstrating that amikacin excretion in the urine reflects the amount of drug deposited in the lungs.
Amikacin is a semisynthetic aminoglycoside which is effective against aerobic Gram negative bacteria isolated from CF patients, including P. aeruginosa [11] . Most studies involving aerosolized aminoglycosides have been performed with gentamicin [4] or tobramycin [3, 12] . Some in vitro studies demonstrated that isolates of P. aeruginosa are more often resistant to amikacin than to tobramycin [13] . However, in view of the high doses that were used, it was assumed that the concentrations of antibiotic obtained in the sputum were very high, as demonstrated by ILOWITE [4] with gentamicin. The notion of resistance as determined in vitro was therefore of little value, local concentrations being much higher than the minimal inhibitory concentrations. Furthermore, a sulphitefree form of tobramycin was not commercially available in France. All other aminoglycosides, but not the commercially available form of amikacin in France (Amiklin1), contain sulphites that may be responsible for severe allergic side effects [14] . This is particularly important in CF patients who are known to have frequent bronchial hyperreactivity [15] and are at risk of bronchial allergy [16] , and this is why the present study was conducted with amikacin. In the present study, tolerance of inhalation was good for all patients and pulmonary function tests were unchanged after nebulization.
The efficacy of therapeutic aerosols might be related to the amount of drug deposited in the lungs. Unfortunately, little information is available concerning aerosol deposition in the lungs of CF patients. The IF is a characteristic of the nebulizer, while the DF depends on the anatomy of the airways and breathing patterns [9] . In the present study, the DF was higher than 90.0% for all patients studied, except one. Such a high DF has been reported in clinical studies for chronic obstructive pulmonary disease (COPD) patients [17] , in an animal model of chronic bronchitis [18] and in an in vitro airway model with excessive mucus secretion [19] . This suggests that significant aerosol deposition is obtained because airway obstruction in COPD and CF patients enhances deposition of aerosol particles. In patients of the present study, mean MDL% was 14.0% of the mass of amikacin placed in the nebulizer (95% confidence interval 9.3-18.7%), corresponding to 20-252 mg of amikacin deposited in the lungs. However, the MDLmg was ¢100 mg in all studies, except three. Of these three studies, two were performed in the same patient (patient 1), who had high gastric activity after pharyngeal washing, suggesting high upper airway deposition. Mean MDL% was higher than the average amount of gentamicin deposited in the lungs (7.69%) in the study of ILOWITE [4] . The presented study used a nebulizer requiring inspiratory flow applied to the inspiratory line, to make the aerosol available for inhalation, probably accounting for higher efficiency by avoiding leakage. A correlation was found between MDL% and IF, but not between MDL% and other parameters. IF was the most significant parameter of amikacin aerosol deposition in the CF patients. The correlation between MDL% and IF (MDL%=0.79IF-1.73) demonstrates that the amount deposited was about 80% of the inhaled dose, with low interpatient variability of deposition rate (i.e. exhaled fraction). Surprisingly no correlation between breathing pattern and IF or MDL was found, while ILOWITE [4] found a bell-shaped distribution between deposited dose of gentamicin and minute ventilation. The low amount of antibiotic delivered to the lungs at low minute ventilation by leakage during expiration was explained. Patients in the present study had been especially trained for nebulization, which might have reduced the interpatient variations in breathing pattern. A recent study reporting factors influencing deposition of recombinant human deoxyribonuclease (rhDNase) I in CF, reported a negative correlation between FEV1% and lung deposition of rhDNase I [20] . In the present study, no correlation between pulmonary function tests and lung deposition of amikacin was found.
The selective inclusion and noninclusion criteria and the experimental design of the present study resulted in the enrolment of a relatively small number of patients. It was therefore decided to perform two measurements in each subject. Although the patients were studied during a stable phase of the disease, changes were observed in respiratory function and aerosol deposition between the measurements, which were performed after an interval of 3 months. However, no correlation was found between changes in respiratory function (e.g. DFEV1%) and any aerosol deposition parameter (i.e. DIF, DMDL% or DUamik,total). For example, patients 2 and 4 had decreased amikacin lung deposition (table 3) , corresponding to worsening pulmonary function for patient 4, but contrasting with improvement in pulmonary function for patient 2 (table 1) . Both an increase in pharyngeal deposition and bronchial suppuration could have contributed to this apparently conflicting result. Isotopic assessment of aerosol deposition is possible in experimental, but not in clinical conditions. Blood concentrations of aminoglycosides administered by nebulization are low or undetectable [4, 21] , and several measurements would be necessary to assess the kinetics. This cannot be performed in clinical practice, especially in children. This study has demonstrated in 14 deposition, that the mass of amikacin excreted in the urine correlates with the mass of drug deposited in the lungs during nebulization. The average amount excreted in the urine represented v16.0% of the mass deposited in the lungs (Uamik,total= (0.16 MDLmg)-6.21), indicating that a large amount of antibiotic is eliminated by mucociliary and digestive clearance and the gut. It can be speculated that the drug eliminated by the urine corresponded to the fraction of the drug deposited in the deep lungs, i.e. 16.0% of the MDLmg, that could be absorbed through the alveolar barrier. However, the distribution between plasma resorption and mucociliary clearance (i.e. 16.0 and 84.0%, respectively) was only validated for CF patients chronically colonized by P. aeruginosa. For less severely ill CF patients, it can be speculated that the DF would be lower, and conversely that more peripheral deposition of the drug would lead to higher resorption. In a study performed to determine the pharmacokinetics of nebulized tobramycin in six cystic fibrosis patients, TOUW et al. [22] showed that an average of 14.9% of the inhaled dose was excreted in the urine. However, they did not evaluate the mass deposited. This urinary pharmacokinetics approach remains to be validated in disease conditions other than cystic fibrosis.
As the reference clinical trial was performed with tobramycin [12] , the question of the applicability of the present method for drugs other than amikacin remains crucial. Considering their pharmacological properties [23] , tobramycin and amikacin are relatively small molecules, with very similar molecular weights (467 and 586 Daltons, respectively). Both are highly soluble in water. Their distribution volumes are also very close (0.28-0.32 L?kg -1 and 0.24-0.35 L?kg -1 , respectively). All aminoglycosides are eliminated almost entirely by glomerular filtration. When administered parenterally, the fraction of the dose excreted during the first 24 h is 75-90% for tobramycin and 70-90% for amikacin, with renal clearances at 80-90 and 80-120 mL?min -1 , respectively. It therefore appears that pulmonary absorption, tissue distribution and renal excretion of both drugs are very similar. These findings suggest that the present results can reasonably be extrapolated to tobramycin.
The BLAND & ALTMAN [10] analysis ( fig. 3) showed a good statistical agreement between MDLmg and MDLmg,calc. However, due to the wide range of MDL, the standard deviation was as high as 29.7 mg.
The accuracy of MDLmg,calc could therefore be considered insufficient from a clinical point of view and for the follow-up of an individual patient.
However, the present report is the first to demonstrate a strong correlation between the mass of an aminoglycoside aerosol really deposited in the lungs, as measured by a validated but invasive and expensive method, and the excretion of this aerosol in the urine of cystic fibrosis patients. This suggests clinical implications for this urinary pharmacokinetics approach to monitor the dose-response relationship in groups of patients. Further studies are needed to establish its relevance for individual patient follow-up.
